ABSTRACT
INTRODUCTION
Many years of experience and practice have shown that the classical single propellers in most cases fulfil the highest requirements regarding efficiency , cavitation characteristics, level of unsteady hydrodynamic shaft forces, pressure pulsations generated on the hull and noise/vibration. However , in realistic applications certain areas may be found in which other types of screw propellers are better . Consequently, the contra-rotating propellers (CRP) may be advantageous in some specific conditions. For example, the requirement of minimum slipstream rotation is achievable for single shaft installations only with contra-rotating propellers (a very important requirement for underwater vehicles).
The design of contra-rotating propellers is based on the same requirements and assumptions which are employed in the design of single propellers and tandem co-rotating propellers [4, 6] . In general, the design requirements of contra-rotating are similar to those of tandem propellers, but they dif fer in the following characteristic features: a) in the design program for contra-rotating propellers the determination of the aft propeller diameter is required b) detailed information about the velocity field induced by both propellers of the set is required not only in the design program, but also in the program for analysis of the contrarotating propellers operation in the non-uniform wake.
The long-term practical experience and the analysis of the propeller-induced velocity fields shows that: -the diameter of the aft propeller must be correlated with the diameter of the slipstream behind the forward propeller in such a way that the tip vortices shed from the forward propeller pass outside the tips of the aft propeller blades -the number of blades of the forward and aft propellers of the contra-rotating set should be different -the rate of rotation of both propellers of the contra-rotating set is recommended to be different.
Similarly as in the case of design of other propeller types the computer design system for contra-rotating propellers includes three interacting programs (blocks of procedures): 1) program for determination of the design velocity field for both propellers of the contra-rotating set 2) program for propeller design 3) program for analysis of the contra-rotating propellers operation in the design velocity field, including the effects of mutual interaction between both propellers.
In comparison to the system for design of single propellers the system for design of contra-rotating includes the following special elements (similarly as the system for tandem propellers): a) procedures for the independent graphical presentation of both propellers of the set b) procedures for determination of the design velocity field for both propellers, taking into account their mutual interaction c) procedures for modification of the velocity field for the analysis of the contra-rotating propeller operation in the non-uniform inflow velocity field d) procedures for determination of the induced pressure pulsations for each propeller separately and for the entire set of contra-rotating propellers e) procedures for determination of the unsteady hydrodynamic forces and moments for each propeller separately and for the entire set of contra-rotating propellers. The appropriate co-operation between all programs and procedures, supplemented with the above listed elements, ensures effective and complete design of the contra-rotating propellers. The system is or ganized in such a way that the designer controls the entire design process from the computer screen and the data transfer between the respective elements of the system is fully automatic.
Similarly as in the case of the previously presented systems [4, 5, 6] an extensive use has been made of computer graphics for control and correction of the input data, for control of the intermediate results, for modification of the geometry of both propellers at consecutive stages of design and for presentation of the final results.
The block diagram of the system for design of the contrarotating propellers, shown in Fig. 1 , is similar to that for design of tandem propellers [6] . The basic block diagram of the propeller design process is extensively supplemented with blocks for the design of contra-rotating propellers (cf. Fig. 2 ) and for the analysis of contra-rotating propellers operation in the non-uniform inflow velocity field (cf. Fig. 3 ). 
PRESENTATION OF THE SELECTED BLOCKS OF THE NEW COMPUTER SYSTEM
The computer system for design of the contra-rotating propellers has several blocks identical to those incorporated in the systems for design of single or tandem co-rotating propellers. Only the blocks concerning the specific problems of contra-rotating propellers are described in detail below.
The input data
The input data include all information required for initiation of the variant of design calculation selected out of four available options, similarly as for other types of propellers described in earlier publications [4, 5, 6] . The input data may be introduced either in the form of the previously prepared input data file or directly from the computer terminal in an interactive mode.
The input magnitude which is typical both for the tandem co-rotating and contra-rotating propellers is the axial distance between the generator lines of the forward and aft propeller . The features distinguishing the contra-rotating propellers from the tandem co-rotating propellers is the difference in diameters of the forward and aft propellers and the recommended dif ference in number of blades and rate of rotation. The diameter of the aft propeller must be smaller than the local diameter of the slipstream shed from the forward propeller . This requirement is based on two reasons: firstly , there is a marked jump in velocity at the slipstream boundary (see Figs 9 and 10), which cannot be accommodated by the blade geometry (it would require a corresponding jump in the blade pitch) and secondly , there is danger of cavitation erosion caused by the tip vortices shed from the forward propeller.
The program enables graphical control and correction of the input data, especially the radial distributions of geometri cal parameters such as blade outline, maximum thickness of the blade section profiles, blade skewback, inflow velocity in the ship wake etc. Fig. 4 shows an example of correction of the radial distribution of the circumferentially averaged inflow velocity in the ship wake.
The design program
The algorithm of the design program for contra-rotating propellers differs in the following details from the analogical programs for single or tandem co-rotating propellers [4, 6] : a) the calculations are performed only for the given value of the total thrust of the CRP set b) the division of the total thrust between the forward and aft propeller may be given in the input data or may be determined in the design program c) the diameter of the aft propeller may be given in the input data or may be determined in the design program (the determined value may still be corrected by the designer during calculations) d) the determination of the velocity field induced by both propellers of the CRP set is necessary (this is done automatically in the design program).
The design calculations are performed in the same way for every selected version of the design task (similarly as in the case of classical single propellers). The results of design calculations are available in the form of the appropriate numerical files and drawings on the computer screen, which may be saved and, or printed. An example of such a drawing is shown in Fig. 5 . This drawing may be viewed on the screen from dif ferent angles and then printed in the most suitable configuration.
Fig. 5. The contra-rotating propellers as represented in the design program
As it has been mentioned above, the determination of the velocity fields induced by the bound and trailing vortex systems representing both propellers of the CRP set is an indispensable element of the design program. It may be seen in the block diagram shown in Fig. 2 that the design of CRP is an iterative process based on the mutual hydrodynamic interaction between the both propellers of the CRP set. The results of these calculations are presented in the format similar to that of the tandem co-rotating propellers [6] .
The induced velocity field
In the propeller design program based on the vortex theory the systems of bound and trailing vortices are determined in a simplified form, which is sufficient for calculation of the velocities induced on the blades of the propellers, but it may be insufficient for calculation of the velocities induced at certain distance in front and behind the propeller blades (i.e. at locations of the respective propellers of the CRP or tandem co-rotating set of propellers).
The trailing vortex system of any propeller under goes contraction, deformation and concentration (rolling-up of vortices with simultaneous viscous dissipation of vorticity) [7, 8, 9, 10] . As a result, tip vortices are formed behind every blade and a strong hub vortex is formed behind the propeller hub. The velocity field induced by such a system of concentrated vortices is strongly three-dimensional, being a function of all three co-ordinates (for example x, Φ, r in the cylindrical system). In the design task of CRP set we are interested in the circumferentially averaged values of the induced velocities, while in the case of tandem co-rotating propellers the fully local induced velocity field must be known. The examples of the induced velocity field behind a propeller in the selected cross-section x = const of the slipstream are shown in Figs 6, 7 and 8. The velocities induced by the aft propeller at the location of the forward propeller have much smaller values and more uniform spatial distribution.
In case of the CRP set the velocity field induced by the forward propeller, combined with the inflow velocity field of the hull wake is an important design parameter . All three velocity components of that induced velocity field are averaged circumferentially (on the basis of the flow volumetric intensity) for a required number of radii. The radial distribution of these averaged velocity components shows a marked discontinuity at the local tip vortex radius. At the distances behind the propeller larger than the propeller radius both velocity components (axial and tangential) are equal zero outside the slipstream and they reach quite high values inside the slipstream. Such a sudden jump of the velocity cannot be accommodated by the appropriate geometry of the aft propeller blades. Hence the requirement to reduce the aft propeller diameter to the value [18, 19] .
In the case of a CRP set the modification of the non-uniform velocity field of the ship hull wake due to the velocity field induced by the propeller other than this currently analyzed is a very important part of the computation algorithm. In order to fulfil this task an additional procedure has been incorporated in the program This procedure calculates the induced velocity field both in front and behind the propeller.
The appropriately modified velocity field enables the detailed analysis of the operation of both forward and aft propeller by means of the program UNCA. In comparison with other propeller types the analysis of the CRP operation in the non-uniform inflow is particularly complicated and time-consuming. The aft propeller of the set operates in the non-uniform velocity field being the result of superposition of the hull wake and the velocity field induced by the forward propeller (see Figs. 9, 10 and 11). This analysis is additionally complicated by the fact that for each angular position of the forward propeller all selected angular positions of the aft propeller must be analyzed. The total number of the analyzed angular blade positions depends also on the number of blades of both propellers of the CRP set, but as a rule this number exceeds one thousand (for example for Zf = 5 and Za = 4 the total number of the analyzed angular blade positions is n = 35*36 = 1260). For each of these blade positions the appropriate numerical files containing results are generated, which under go further re-calculations, but they also may be presented on the computer screen in the numerical or graphical form or directly printed. These results include, among other data, the calculated cavitation phenomena on the aft propeller , shown in Fig. 12 .
The results of calculations of the unsteady hydrodynamic forces and moments on the aft propeller for the angular position of the forward propeller equal to AF = 0 are presented below (Figs. 13, 14 and 15 ). Similar diagrams may be presented for every mutual position of the forward and aft propeller. Independently, analogical results are available for the forward propeller. 
The program for analysis of the contra-rotating propellers operation in the non-uniform velocity field
The computer program UNCA for the analysis of the ship propeller operation in the non-uniform velocity field is a very Both propellers of the CRP set are analyzed by means of the program UNCA from the following points of view: a) the intensity and extent of the different forms of cavitation in dif ferent angular positions of both propellers in the combined non-uniform velocity field including the hull wake and the propeller-induced velocities, b) the level of pressure pulsations generated by the CRP set and by the forward and aft propeller separately on the hull surface or in the surrounding space, c) the level of the fluctuating hydrodynamic shaft forces and moments for the forward and aft propeller separately.
After such an analysis the designer may return to the CRP design calculation, modifying the selected details of the geometry and hydrodynamic parameters of both propellers of the set: a) the radial distribution of blade skewback b) the radial distribution of the blade section chord lengths c) the radial distribution of the maximum blade section thickness d) the type of blade section thickness distribution e) the type of blade section mean line f) the radial distribution of hydrodynamic loading of the blades g) the number of blades of both propellers h) the division of CRP total thrust between the forward and aft propeller i) the diameter of one or both propellers of CRP. The above described analysis of CRP is performed only for the design condition, because any change of the ship speed or the propellers rates of rotation changes the operating conditions of both propellers -consequently the fields of induced velocities of both propellers change in the qualitative and quantitative sense.
The numerical results of the above analysis are stored in three separate files, referring respectively to the forward propeller, aft propeller and to the entire CRP set.
The method of graphical presentation of the results is similar to that applied to the classical single propellers [4] , with the modification that in case of CRP it may refer separately to the forward or aft propeller or to the entire CRP set. The examples of such presentation are shown in the next section.
COMPARATIVE ANALYSIS OF CRP AND TANDEM CO-ROTATING PROPELLERS
In the preceding publications [4, 6] the results of design calculations of the single propeller and of the tandem corotating propellers. The case of the same lar ge fast cargo vessel has been used in the design of the CRP set described below. The design ship speed is V = 25. 3 [knots] and the required thrust of the propulsor is T = 3250 [kN] The design rate of rotation of the engine and of the forward propeller is 100 [rpm] . In the case of CRP set the rate of rotation of the aft propeller may be different and it may be optimized from the point of view of propulsive efficiency, cavitation, pressure pulsations on the hull and unsteady hydrodynamic shaft forces. In the process of such an optimization the best performance of CRP was achieved for the number of blades of the forward propeller Zf = 5, number of blades of the aft propeller Za = 3 and for the rate of rotation of the aft propeller equal to 1 15 [rpm] . The optimum diameter of the aft propeller was determined on the basis of the appropriate semi-empirical formulae concerning the slipstream behind the forward propeller . The calculated main characteristics of the forward and aft propellers of the CRP set are given in Tab. 1 below. The comparison of the above results for CRP with those obtained for other propeller types [4, 6] shows that the propulsive efficiency of the CRP set is about 5 percentage points higher than that of a single propeller and about 2.5 percentage points higher than the tandem co-rotating propellers. However , the CRP set is worse than the other analyzed propellers as far as the pressure pulsations on the hull (probably also acoustic pressures) and the unsteady hydrodynamic shaft forces are concerned.
Tab. 1. Main parameters of the designed CRP set
Figs. 15 and 16 below present the calculation results for the CRP set, concerning the harmonic amplitudes of the unsteady hydrodynamic shaft forces and moments, shown separately for the forward and aft propeller . Presentation of the results is done separately for each of the propellers of the CRP set because their different numbers of blades and dif ferent rates of rotation prohibit presentation of the results on one common diagram of harmonic amplitudes.
Moreover, the calculations of the harmonic amplitudes of the unsteady hydrodynamic shaft forces are performed separately for each angular position of the forward and aft propellers. The numerical files containing the results or their graphical representations may be inspected. However , the analysis of about 1000 diagrams or files is not easy. In order to facilitate this analysis, for each angular position of one of the propellers only the maximum and minimum values of the respective components of the unsteady shaft forces and moments are extracted. These values are appropriately added together and presented in the form of a relatively short numerical file or as one diagram. Example of such a diagram is presented in Fig. 17 . This diagram includes also the dif ferences between the maximum and minimum values because these differences are decisive parameters in some Classification Society Rules. For the sake of comparison the corresponding results of calculations for the tandem co-rotating set, designed for the same ship and operating in the same non-uniform velocity field [6] , are presented in the analogical format in Fig. 18 .
Fig. 18. Maximum and minimum values, together with their differences, for the hydrodynamic shaft forces [kN] and moments [kNm] on the set of tandem co-rotating propellers
A similar presentation of the calculation results may be done for the pressure pulsations generated on the hull (or acoustic pressures in the surrounding space). In Figs. 19 and 20 the harmonic amplitudes of the pressure pulsations generated in the selected points on the hull by each propeller of the CRP set separately are presented. Fig. 21 shows the maximum and minimum values of these pressure pulsations, together with their dif ferences. For the sake of comparison, the corresponding values calculated for the tandem co-rotating propellers, designed for the same ship and operating in the same non-uniform velocity field are shown in Fig. 22 . Similarly as in the case of other propeller types, the program determines the presence and extent of the various cavitation forms, which are described as numerical files or corresponding illustrations. In Figs. 23, 24 and 25 the examples of graphical presentation of the computed cavitation phenomena are shown.
The cavitation pictures may be viewed independently for each of the propellers (Figs. 23 and 24 ) or in combination (Fig. 25) . Apart from the static pictures the program enables viewing the CRP set in motion, exhibiting the calculated unsteady cavitation phenomena. The complete revolution of both propellers of the CRP set may be presented, showing the time-dependent variation of the cavitation phenomena on the propeller blades in the non-uniform velocity field (in this presentation the forward or aft propeller is alternatively immobilized and the other performs one full revolution). This presentation may be also recorded in the format of a film. It may be concluded from the analysis of the above examples, that from the point of view of propulsive efficiency the CRP set is better than the tandem co-rotating propellers and than the classical single propeller . This is not a general rule, the design example presented in [4, 5, 6] is selected in such a way, that it may be demonstrated that in certain areas of propeller operation the CRP or tandem co-rotating propellers may be more efficient than the classical single propeller.
The problem of cavitation performance, unsteady hydrodynamic shaft forces and pressure pulsations is much more involved and it requires a thorough analysis of the results of comparative calculations. The computer systems presented in the current line of publications [4, 5, 6] facilitate the optimum selection of the appropriate propeller type for every application.
CONCLUSIONS
• The computer system presented above fully facilitates the process of design of the contra-rotating propellers. This system incorporates all elements necessary in the correct design process of CRP. The computational process itself is relatively fast (although much slower than in the case of other, simpler propellers), and the graphical subroutines enable efficient analysis of the consecutively designed CRP sets, directing the whole process towards an optimum solution of the design task.
• The relatively short computation time allows for calculation of a large number of variants of the designed CRP set. For example the following parameters may be modified in the course of design without leaving the system: -number and geometry of the blades of both propellers of the CRP set (including the geometry of the blade sections) -diameters of both propellers of the CRP set -ship speed and rates of rotation of both propellers of the CRP set (equal or different) -division of the total thrust between the forward and aft propeller of the CRP set -radial distribution of the hydrodynamic loading of the blades -axial distance between both propellers of the CRP set.
• The above listed modifications enable the optimization of the CRP set from the point of view of efficiency , cavitation performance, induced pressure pulsations and unsteady hydrodynamic shaft forces and moments. The widely employed graphical presentation of the results greatly facilitates such an optimization analysis.
• The above presented design example, together with the results of calculations of the ducted propeller included in [5] and tandem co-rotating propellers included in [6] , lead to the conclusion that it is worthwhile to include in the design analysis different propeller types. The four propeller design systems presented in the current line of publications [4, 5, 6] , which accept very similar input data files (relatively the most onerous part of the design process), enable very fast and efficient comparative analysis, leading to the selection and consecutive design of the optimum propeller type in every practical application.
